Abstract Measurement of breast tissue estradiol levels could provide a powerful method to predict the risk of developing breast cancer but obtaining sufficient amounts of tissue from women is difficult from a practical standpoint. Assessment of aromatase in ductal lavage fluid or fine needle aspirates from breast might provide a surrogate marker for tissue estrogen levels but highly sensitive methods would be required. These considerations prompted us to develop an ultra-sensitive, ''nested'' PCR assay for aromatase which is up to one million fold more sensitive than standard PCR methods. We initially validated this assay using multiple tissues from the aromatase transgenic mouse and found that coefficients of variation for measurement of replicate samples averaged less than 5%. We demonstrated a 60-fold enhancement in aromatase message in the transgenic versus the wild type mouse breast but surprisingly, levels in the transgenic animals were highly variable, ranging from 0.4 to 27 relative units. The variability of aromatase expression in the transgenic breast did not correlate with the degree of breast development and did not appear to relate to hormonal manipulation of the MMTV promoter but probably related to lack of exhaustive inbreeding and mixed zygocity of transgenic animals. Extensive validation in mouse tissues provided confidence regarding the assay in human tissues, since nearly identical methods were used. The human assay was sufficiently sensitive to detect aromatase in a single human JAR (choriocarcinoma) cell, in all breast biopsies measured, and in 7/23 ductal lavage fluids.
Introduction
The concentrations of estradiol (E2) in breast tissue from post-menopausal women are similar to those from premenopausal patients even though plasma E2 levels are 50-fold higher prior to the menopause [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . To explain this finding, several investigators have postulated that postmenopausal breast tissue converts androgens to estrogens in situ via the aromatase enzyme in amounts sufficient to maintain high tissue E2 levels [5, 7, 17] . Both animal and human studies have demonstrated aromatase enzyme activity in breast tissue as assessed by in vitro radiometric, titriated water formation assays [5, [18] [19] [20] [21] [22] [23] . Our prior data in nude mice demonstrated that in situ production of estrogen in aromatase transfected MCF-7 cells exceeds the amount taken up from plasma [24] . In women, in vivo isotopic kinetic measurements have directly quantitated local estrogen synthesis in breast and determined the relative proportion of estrogen made in the breast versus uptake from plasma [17] . Specifically, the studies of Reed et al. and Miller et al demonstrated that local synthesis accounts for 30-100% of the estrogen in the postmenopausal breast whereas uptake from plasma contributes to a lesser extent [25] [26] [27] [28] .
The in vivo assays in women require administration of radioisotopes and are technically demanding. The more commonly used tritiated water formation in vitro assays lack sensitivity and are capable of detecting aromatase in only two thirds of breast cancers [5] . Taken together, these results suggest the need for a readily applicable, highly sensitive, in vitro assay suitable for the routine assessment of aromatase in human breast samples.
A substantial rationale exists to measure estrogen levels in breast tissue. Plasma E2 levels predict the development of breast cancer over the ensuing 5-10 year period in healthy post-menopausal women [29] . It is plausible then to believe that breast tissue estrogen levels might correlate with risk to an even greater extent. Measurement of breast tissue estrogen levels has been hindered in the past by the need to obtain biopsies from normal women in order to assess E2 levels. This difficulty has also limited the study of pre-malignant histologic changes and the study of biomarkers in breast tissue. To circumvent this problem, major recent emphasis has been directed toward the development of methods to obtain and study nipple aspirates, ductal lavage fluid, and FNAs (fine needle aspirates) [30] . These techniques are more acceptable to patients than excisional biopsies but yield only a small amount of tissue and consequently require highly sensitive and precise methods of analysis of selected biomarkers.
These considerations stimulated us to develop an ultrasensitive, ''nested'', Q-PCR assay suitable for measurement of aromatase with high precision in fine needle aspirates from breast and in nipple aspirate and ductal lavage fluids. We reasoned that an initial PCR amplification of a larger segment of aromatase cDNA followed by a second amplification of a ''nested'' internal cDNA would markedly enhance sensitivity and not compromise specificity or precision. An initial 15 cycles of amplification provide 32,000-fold higher sensitivity (and 20 cycles a 1,000,000-fold increase) than with the standard, one-amplification method. The ''nested'' second amplification ensures a high degree of specificity.
To systematically validate this approach, we initially utilized tissues from the aromatase over-expressing transgenic mouse to determine sensitivity, precision, and specificity of the assay [31, 32] . We also used these animals to demonstrate the ability to quantitate differences between tissues containing the aromatase transgene promoter and those not. After this validation, we then chose analogous human primers to measure aromatase in human JAR cells (a choriocarcinoma cell line) [33] , ductal lavage fluid and in breast tissue itself. The ''nested'' method is sufficiently sensitive to measure aromatase message in one human JAR cell and in all breast biopsies. Even in highly diluted ductal lavage samples, this method was capable of detecting aromatase in 7/23 samples. From the data reported in this manuscript, we conclude that a nested Q-PCR method is valid and useful for quantitating aromatase message in human samples with low aromatase levels.
Materials and methods

Source of mouse samples and collection procedures
A total of 55 female aromatase transgenic mice of BALB/c genetic background [31, 32] ranging in age from 3 to 6 months with mixed zygocity (largely hetero and some homozygous animals) were utilized for PCR studies. The breast tissues from these mice were classified into four groups (0 minimal development; 1 moderate development; 2 average development; 3 marked development) according to the level of ductal and gland proliferation estimated by subjective examination of whole mounts. As controls, 29 wild-type female mice were similarly classified and used for comparison. Samples were also collected from mouse ovary, uterus, kidney, liver, and adrenal.
The third and fourth right mammary glands as well as the left third glands were excised from non-castrate female mice at ages 3-6 months. The outside one third of the glands were dissected from the remaining two thirds and discarded. The remaining two thirds of the glands (80-100 mg) were dissected free, placed into clean RNase-free tubes, immediately immersed in liquid nitrogen, and then transferred into a -70°Revco ultra-cold freezer for storage. At the same time, 80-100 mg of mouse liver, kidney, adrenal, uterus, and ovary were obtained and similarly processed.
Human tissues
Human JAR cells, a choriocarcinoma cell line, were obtained from American Tissue Type Culture (ATCC) and have been used in our laboratory for more than 15 years [33] . Additional samples were obtained from women and included 23 ductal lavage samples, 10 breast cancer specimens, and 3 breast tissues obtained during reduction mammoplasty. Ductal lavage fluid was obtained by standard techniques at the time of surgery from women undergoing breast lump excision for various clinical indications [30] . Breast biopsies were obtained as part of a human tissue bank program at the University of Virginia or from reduction mammoplasties performed in the plastic surgical department of Hôpital Rothschild (Paris) and processed in INSERM Unit 673, Hôpital Saint Antoine. At both institutions, samples were quickly frozen using methods designed to preserve RNA. Ethical guidelines from both institutions were followed.
RNA extraction
Total RNA was extracted from frozen tissue specimens by using an Aurum Kit (Bio-Rad) for total RNA extraction according to the manufacturer's instructions. Extracted RNA was dissolved in TE buffer and stored at -70°C in the ultra-cold Revco. The quantity of RNA extracted was determined by spectrophotometric determination. The quality of extracted RNA was assessed by electrophoresis through 1.2% agarose gel and staining with ethidium bromide. The 18s and 28s RNA bands were visualized under ultraviolet light. Additionally we confirmed the quality of extracted RNA by calculating the A 260 /A 280 ratio = (adequate = 1.7-2.1).
JAR cell dilution study JAR cells were grown until there were 1 9 10 8 to 1 9 10 9 cells present. These were then collected, diluted to a concentration of 1 9 10 8 cells, and subjected to the RNA extraction procedure. This method was chosen to obviate the need to extract RNA from small numbers of cells. The RNA was then diluted with the medium used for constructing standards to a content representing 100,000, 10,000, 1000, 100, 10, and 1 cell. PCR amplifications were then preformed and the results mathematically reduced to the amount of RNA per cell. The amplicons were confirmed to be specific for human aromatase by melt curves.
Design of primers and probes
Mouse and human primers and probes were chosen from inspection of the cDNA sequence of the aromatase and TBP genes from the Nucleotide sequence database in GenBank (Figs. 1 and 2). We then performed a BLAST search using the whole cDNA sequence to determine the location of exon-exon junctions and designed primers by specifying a target region corresponding to the junctions. The specificity of the primer pair enclosed sequences were confirmed by BLAST search and the absence of polymorphisms in these regions were verified. To avoid detection of contaminating genomic DNA, the primers were located in exons and not in introns. The sequence of mouse aromatase mRNA is from GenBank (D00659, Mus musculus CYP mRNA for aromatase p450, complete cds). TBP I: inside (''nested'') primers for nested amplification Fig. 1 The locations of the genomic DNA and cDNA regions chosen for the first amplification, the second ''nested'' amplification, and the probe used for real time PCR quantification. Primer for mouse aromatase Fig. 2 The locations of the genomic DNA and cDNA regions chosen for the first amplification, the second ''nested'' amplification, and the probe used for real time PCR quantification. Primer for mouse TBP 
Analysis and reporting of results
The relative level of expression of aromatase mRNA is related to the amount of TBP mRNA which serves as a normalizing gene. Relative aromatase mRNA expression was calculated using the following formula:
Note: In the above formula ''Ct'' indicates threshold values and ''N'' indicates relative quantity of mRNA expression.
Performance characteristics
The performance of this PCR amplification system was characterized with respect to efficiency, reproducibility, and specificity. For each PCR run, a standard curve was constructed from five serial dilutions of a stock of extracted RNA from a pool of mouse ovarian tissue as a source of aromatase. The expression of aromatase mRNA in these serial dilutions was quantitated by real-time qRT-PCR. The standard curve was plotted as the threshold cycle against the log dilution.
Efficiency
The reaction efficiency was calculated by the following formula: 
Specificity
Specificity was demonstrated by agarose gel electrophoresis with DNA ladder markers to demonstrate the appropriate molecular size and by sequencing the amplicon.
Accuracy
In order to assure the accuracy of results obtained by nested Q-PCR, internal and external controls were included in all assays. In the Q-PCR assay, the level of expression of the CYP19 gene was normalized to an internal control ''housekeeping'' gene TBP . Because TBP is a relatively consistently expressed, it is suitable for use as an internal standard to correct for internal variation caused by a range of parameters in real-time RT-PCR assays .A stock of RNA extracted from mixed ovarian tissues of 10 MMTVTransgenic mice was used as the external control and used in each assay for quality control.
Results
Mouse aromatase determinations
The linearity of response for serial dilutions of an ovarian tissue pool are shown on Fig. 3 . Descriptive statistics indicate that the correlation coefficient was 0.99, slope -3.2579, and efficiency 102.8%. The reproducibility of the nested Q-PCR for measurement of aromatase in ovarian samples was 1.3% (online Fig. IA) and for TBP 1.22% (online Fig. IB) . Six separate ovarian samples were then each run in two separate assay runs and the results are shown in Table 1 .
We then conducted another reproducibility assay to include both the measurement of aromatase and the housekeeping gene (TBP). This involved mixing the RNA from the ovaries of 10 mice and running on four separate occasions (Table 2 ) with the results expressed as the ratio of aromatase to TBP times 1000. This experiment, which yielded a CV of 2.47%, reflected the reproducibility of the entire nested assay corrected for the quantity of the TBP housekeeping gene.
To determine specificity, the amplicons for mouse mRNA obtained by RT-PCR were sequenced with the following results:
aromatase amplicon sequence (sense chain): aagaaaggga gaatcatgga ccagaacaac agccttccac cttatgctca gggcttggcc tccccacagg gcgccatgac tcctggaatt 301 cccatc ttta gtccaatgat gccttacggc acaggactta According to the above data, it is clear that amplicons are specific to mouse aromatase mRNA and to mouse TBP mRNA.
Having validated the assay for mouse tissue, we then determined the relative levels of aromatase in MMTV aromatase transgenic mice (i.e., breast specific expression) and in the breast tissues from wild type mice. Data are shown in online Table I and summarized here. The mean of the results for the aromatase transfected mouse mammary tissue were 60-fold higher (Mean ± SEM, 4.17 ± 0.56) than in the wild type mammary glands(-Mean ± SEM ,0.07 ± 0.033) and this represented a highly statistically significant difference (P \ 0.0001).
We were impressed that the range of levels of aromatase in breast tissue from transgenic animals was substantial (i.e., range 0. and that the degree of breast development in transgenic animals also varied (See Fig. 4) . This raised the question whether the amount of aromatase transgene expression correlated with the degree of breast development. As shown in Fig. 4 and online Table II , there appeared to be no such correlation.
Since there was a 60-fold difference in aromatase expression (i.e., 0. in the breast tissue of transgenic animals, we postulated that this might reflect an influence of circulating hormone levels on the activity of the MMTV promoter. For this reason we treated animals with testosterone propionate (0.25 mg per day IM), (a hormone known to stimulate MMTV promoter activity) or corn oil as a control for 5 days and assessed its effect on aromatase expression. There were no significant differences in mammary mRNA (1000 9 N) between pre-treatment and post-treatment in the testosterone propionate group (aromatase activity, Mean ± SEM: 4.77 ± 0.90 in pretreatment and 2.95 ± 0.79 in post-treatment, respectively, P = NS). Pre-treatment and post-treatment levels in the corn oil group were 3.25 ± 0.84 and 4.58 ± 1.50, respectively, P = NS as shown in online Table III . These results suggested that the variation in aromatase expression in breast tissues of the transgenic mice probably reflected subtle genetic differences in animals that were not exhaustively inbred and maintained as a heterozygous colony since male homozygous animals develop Leydig cell tumors and are sub-or infertile [34] .
To determine the tissue specificity of the aromatase promoter and whether the transgene was over-expressed in tissues other than breast, we then compared aromatase message levels in various tissues of transgenic and wild type animals. Surprisingly, (Table 3) the transgene was over-expressed in each tissue except ovary and adrenal although not to the same extent as in the breast tissue. Human aromatase determinations
To demonstrate the validity of the human reactions, we examined the PCR amplification and melt curves for human aromatase which are shown in online Figs. 2 and 3.
To assess the level of sensitivity, we utilized the human JAR cell line which is known to contain substantial levels of aromatase and made serial dilutions of RNA extracted from a large pool of cells (see ''Materials and methods'').
In this human cell model system, we detected aromatase in cells diluted down to the amount of RNA contained in one cell (Table 4) . Human tissue: We assayed aromatase message in 23 ductal lavage samples, 10 breast biopsies and in 3 reduction mammoplasty samples. We detected aromatase in 7 of 23 ductal lavage samples and in an all breast biopsies and reduction mammoplasty specimens. Ten breast cancer samples were assayed with a mean value of 90 and a range of 20-120 (1000 9 N). Three benign breast reduction mammoplasty specimens were assayed with levels of 0.008, 0.002, and 2.09. Finally, 23 ductal lavage specimens were assayed with 7 of 23 containing measurable aromatase activity ranging from 4.8 to 143.6 (Table 5) .
Discussion
This study validated the use of a ''nested'' Q-PCR assay which is sufficiently sensitive to detect aromatase in a single JAR cell [33] , in human breast biopsies, and in one third of ductal lavage samples (i.e., 7/23 samples). Without the initial amplification step, which increases sensitivity by 32,000-1,000,000-fold, it would not have been possible to detect aromatase in the ductal lavage samples. The nested nature of the assay does not impede precision which approximated a CV of 5%. Specificity was maintained as demonstrated by the sequencing of the products of the Q-PCR reaction. We conclude that this assay will provide a powerful new tool to assess aromatase expression in ductal lavage samples, nipple aspirate fluid, and fine needle aspirates from women [30] . In the future, this method should provide a means to assess the role of aromatase in contributing to breast density and to examine the utility of aromatase message as a biomarker for breast cancer risk.
During the process of validation of the nested Q-PCR assay, we learned much about the expression of aromatase in a transgenic mouse model. Prior data suggested only a three-to fourfold enhancement of aromatase in the breast tissue of this transgenic animals based on conventional PCR [31, 32] . However, recent studies from Tekmal's group also show that using more sensitive quantitative real PCR the differences in aromatase levels between wild type and transgenic animals were more than 50-fold at the RNA levels and protein levels were more than tenfold [35] .
It was surprising to us that the degree of over-expression of aromatase in breast tissue from transgenic animals varied substantially as did the degree of ductal development (Fig. 3) and E2 levels (unpublished data E. Cavalieri and E. Rogan, Eppley Cancer Center). We considered the possibility that this might reflect the action of endogenous hormones on MMTV expression. This did not appear to be the case since administration of testosterone propionate did not change the level of aromatase expression. We now consider it likely that the variation reflects subtle differences in the genetic backgrounds of the animals which may not be sufficiently inbred at this point in their breeding career. In addition, the zygocity of the colony is mixed since homozygous males are subfertile or infertile due to increased circulating estrogen levels and these animals form Leydig cells tumors [35] .
Use of mouse tissues allowed us to fully validate the nested Q-PCR assay using multiple samples and various parameters to study. This is not practical with valuable human tissues. However, we believe that the validation in the mouse tissues provides sufficient validation for human tissues, since the only difference was the precise human primers used.
With this highly sensitive assay, a number of human samples may now be assayed. We believe that fine needle aspirates will be the best means to assess breast tissue aromatase levels. Nipple aspirate and ductal lavage fluid provide an assessment of shed cells into the ductal lumina but not necessary a reflection of breast tissue itself. In addition, this method should facilitate using very small amounts of tissue obtained by laser capture dissection from frozen sections. With the availability of this assay, we now plan to systematically exam these possibilities. Several weaknesses are apparent in the examination of our data. We did not have cell counts, protein level determinations, or DNA levels in the ductal lavage samples so that one could correlate aromatase expression with cellular composition of the fluids. We also did not assay nipple aspirates nor FNA samples to directly demonstrate feasibility of measuring aromatase in these samples. However, one would expect FNAs and nipple aspirates to contain substantially more cells then ductal lavage fluids. According, it is likely that our assay will be sufficiently sensitive to detect aromatase in these samples. Future studies are planned to examine these samples directly. We have not correlated aromatase message with enzyme levels in this study and will need to do this in the future. Finally, measurements of DNA in each sample to provide a denominator for aromatase will be preferable to use of TBP and this is also planned in future studies.
